The combined start-up and shut-down periods of a transient liquid fuel jet injection in a reciprocating engine will vary from ten to fifty percent of the injection duration. Therefore, special attention is needed for those transient behaviors during the start-up and shut-down portion of the injection. A major challenge for theoretical/computational research in the transient portion is the high Reynolds and Weber numbers. The higher the Weber and the Reynolds numbers, the shorter the unstable surface wavelengths which appear; so, the more challenging is the resolution problem. A Fourier analysis of the surface waves developed on the jet emerging from an orifice determines the range of unstable wavelengths on the liquid surface. In addition, a dispersion relation obtained by viscous potential flow gives a rough theoretical estimate of unstable wavelengths to ensure proper resolution. The results show stable behavior at sub-micron wavelengths, where viscosity and capillary effects dominate. The velocity variations in space and time have been determined using a previously developed unsteady multidimensional code with a finite-volume solver of the Navier-Stokes equations for liquid streams and adjacent gas, a boundary-fitted-gridding scheme, and a level-set method for gas/liquid interface tracking. At large Weber numbers where resolving the entire jet becomes computationally expensive, we examine stream-wise segments of the jet, treating these segments as ballistic slugs coming from the orifice. Periodic conditions on the upstream and downstream surfaces of these slugs should capture the influence of the jet segments immediately fore and aft of the slug. This reduction of the computational domain is designed to give the required resolution to characterize the physics through our computations. This slug of the jet deforms and exchanges both mass and momentum with the surrounding gas during start-up and shutdown. The behavior of this slug during the transient portion of the jet will be addressed in order to create a new model for liquid-fuel injection breakup which incorporates the main physics involved in this phenomenon. Furthermore, identification and characterization of critical instability and breakup mechanisms, e.g., Kelvin-Helmholtz and Rayleigh-Taylor instabilities, is another goal of this work.
Introduction
The duration of the transient jet start-up and shutdown periods will vary from ten to fifty percent of the injection duration, being higher at lighter loads. Therefore, transient behavior is clearly important. Investigating the liquid/gas interface dynamics of the fuel/air mixture in the early stages of the start of injection and shortly before the end of injection is very challenging. From the experimental scope the existence of a dense cloud of droplets and vapor surrounding the fuel jet makes the optical access to the jet very difficult. On the other hand, very small length and time scales of atomization process cause another challenge in visualizing the interface of the liquid/gas. There is a lack of knowledge regarding the transient behavior of the fuel/air mixture; especially, very close to the nozzle exit. The major challenge for theoretical/computational research is the high Reynolds number Re and Weber number We ranges that must be treated. For example, the Weber number range can be estimated to be 10 4 The transient behavior of liquid injection has been under numerical and experimental investigation for a long time. Aneja and Abraham [ 1] used a multidimensional model to study the penetration of the liquid fuel in a constant volume chamber under normal diesel engine conditions. Their analysis showed sensitivity to the numerical resolution which had been related to a dependence of the computed Sauter Mean Radius (SMR) of the drops on the grid resolution. In CFD studies on the development of the surface protrusions due to the nonlinear instability and the effects of capillary necking at the liquid surface challenge concerns resolution as has been indicated by Herrmann [ 2] and Goroshovski and Herrmann [ 3] . For this purpose they have used the Refined Level Set Grid (RLSG) method to simulate the primary breakup process of liquid jets and sheets in detail since liquid break-up predictions will be mesh size dependent. Ning et al. [ 4] performed a numerical investigation of the transient flow in injectors. They predicted the transient cavitation in the injector. Abani and Reitz [ 5] formulated a new model for unsteady turbulent jets based on an extension of steady-state gas-jet theory that is shown to be consistent with Helmholtz' vortex-model. They applied the model to evaluate jettip penetration for time varying injection velocity profiles. The model formulates an effective injection velocity for particles located within the jet and exhibits an exponential response to changes in the injection velocity. Cai et al. [ 6] used an ultrafast x-ray framing detector and tomographic analysis to reconstruct the threedimensional dynamics of the entire 1-ms-long injection cycle. They observed dynamic characteristics of the hollow-cone gasoline spray such as a small volume of fuel near the spray leading edge due to transient nonequilibrium pressures at the instance of the injection pintle lift, density waves due to a hydrodynamically driven instability in pintle axial motion, heavy asymmetry due to pintle asymmetric radial motion, and local streaks due to nozzle surface finish. Smallwood et al. [ 7] studied the internal structure of intermittent and highly transient dense diesel sprays using twodimensional laser light scattering and transmission techniques, they reported noticeable different near-field structures of the transient jet compared with its steady counterpart. However, the transient jet nearly resembles the steady jet development at further positions downstream of the nozzle. At about 25-30 nozzle diameter the transient jet has an intermittent structure of densed fluid particles. Moreover, unlike the steady sprays, no intact liquid core was detected beyond 50 nozzle diameter downstream of fully pulsed jets. This also reveals the completely different nature of the transient jet and the necessity of further investigation in this field. The behavior of a single diesel spray during the injection process was observed by Linne et al. [ 8] via ballistic imaging techniques. Their results confirmed the appearance of periodic structures and distinct and intermittent voids at the interface very close to the nozzle exit after about 10 µs of the start of injection. The periodic lengths were slightly greater than the diameter shortly after the injection and increased up to twice the diameter later. At the end of injection period a very thin and weak stream of liquid with a diminished cloud of droplets was detected. This paper's approach will center on the development and use of theoretical models and computational models to solve the unsteady, multi-dimensional Navier-Stokes equations for flow through injection orifices and the exiting jet for transient flow of liquid through orifice and exit jet in gas. Use will be made of the previously developed unsteady multidimensional code with the finite-volume solver of the Navier-Stokes equations for liquid streams and adjacent gas, boundaryfitted-gridding scheme, and level-set method for gas/liquid interface tracking [ 9, 10] . We will use the model capability to examine orifice and jet flows during start-up and shut-down transition, typical of intermittent combustors, predicting jet formation and resulting axisymmetric instabilities that can lead to stream break-up.
The valuable information obtained from the full transient jet will be used to develop a new model to capture the instabilities at the liquid/air interface with better resolution which can be extremely costly if the full jet is being considered numerically. In this new model, a section of jet whose fixed length is longer than interesting wavelengths but still computationally manageable will be considered during the start-up period of injection.
Numerical Methodology
The computational domain and gridding system which consists of an orifice initially full of liquid and a gas chamber initially filled with quiescent gas is demonstrated in Figure 1 . The equations of fluid motion are the Navier-Stokes equations which in an incompressible flow have a conservative form as follows:
where u is the velocity field ρ and µ are the density and viscosity of the fluid, respectively. p is the pressure field, D is the strain rate tensor, and F is the body force applied to the fluid. We consider a finite volume discretization on a staggered grid. The convection-diffusion problem has been discretized based on the finite volume method using the QUICK algorithm [ 11] and the Crank-Nicolson scheme for discretizing the unsteady term in the equations of motion. The coupling of continuity and momentum equations is done through the SIMPLE algorithm [ 12] . The level-set method developed by Sussman et al. [ 13] and Osher and Fedkiw [ 14] is used for tracking the liquid/gas interface. Level-set is defined as a distance function with zero value at the liquid/gas interface; positive values in the gas phase and negative values in the liquid phase. The level-set function is denoted by θ and all the fluid properties in both phases in the Navier-Stokes equations can be defined based on its values and the equations could be solved for both phases simultaneously. The level-set function is also convected by the unknown velocity field based on the following equation:
In addition, the surface tension force applied on the interface is also defined based on the level-set function and curvature of the interface as is shown in the third term on right-hand side of Navier-Stokes equation as follows:
where σ is the surface tension coefficient, δ is the delta function, n and κ are the normal vector directing toward the gas phase and the curvature of the interface, respectively, defined as follows:
For detailed description on level-set method and delta function see works of Dabiri et al. [ 9] and [ 15] . 
Hydrodynamic Instabilities
The disintegration of liquid jets can be framed in terms of instabilities. The instabilities are well known to be critical in the distortion of the liquid/gas interface and in the process by which ligaments of liquid are torn from the jet core. They are also important in the heating and vaporization of the liquid jet. Three kinds of instabilities that can lead to break up are capillary instability, Kelvin-Helmholtz (KH) instability, and RayleighTaylor (RT) instability. Pure capillary instabilities are not important at high Weber numbers that we are considering within this work. The instability of the uniform flow of jets of liquids in gas is known as KH instability. There are many studies of KH instability of parallel streams of different velocities. Typically, this problem is studied for potential flows of an inviscid fluid. The study of KH instability of liquid jets for very high Weber numbers in steady Viscous Potential Flow was considered by Joseph et al. [ 16] . Their results show that the growth rate tends to infinity with the Weber number to ever shorter waves. Viscous potential flows (VPF) are compatible with a velocity discontinuity but are in better agreement with experiments than classical potential flow [ 15] . The study of KH instability by VPF does not allow for no-slip conditions or interfacial stresses but, unlike the inviscid theory, the normal viscous stresses are well represented.
The effect of large accelerations superimposed on large velocity differences is possibly an essential feature in liquid fuel injection systems which has not been studied before but will be studied in this research. Rayleigh-Taylor (RT) instabilities are very important and very pervasive. They are driven by acceleration when a liquid accelerates away from a gas or vacuum. The signature of this instability is the waves that corrugate at the free surface at the instant of acceleration. Ultimately, these waves will finger into the liquid, causing it to break up. Figure 2 gives a description of situations where RT instability can occur. In Figure 2 (a) the liquid at rest is stable under gravity but if the container is turned upside down as in (c) the surface becomes unstable and the liquid falls out. The liquid at rest can be destabilized by downward acceleration greater than the gravity of the liquid away from gas as in
and, in the upside-down case, the liquid can be prevented from falling out by accelerating downward with , the top surface which accelerates away from the gas is unstable but the bottom surface which accelerates into the gas is stable with the opposite effect when the acceleration is reversed as in (f). If the fluid decelerated, as in (e), RT instability waves will be generated on forward side but the back side remains stable. If it is accelerated into the gas, as in (f), RT instability waves will not be generated on the front side; however, the back side of the liquid is unstable. The case of the influence of acceleration on the dynamics of jets has never been fully considered. During start-up, we can expect an increasing orificeexit velocity with time, which implies a stream-wise decreasing velocity through the jet. During shut-down, there will be a temporal deceleration with a stream-wise acceleration. When the jet emerges from the orifice, drag forces due to entry into the dense air cause a deceleration. Also, the dynamic protrusions from the jet surface are subject to accelerations. It is instructive to see how the acceleration enters into the equations of motion. Suppose the laboratory frame is identified with (X, tˆ) and the fluid velocity is v(X, tˆ). Then, we reference the equations of motion,
to an accelerating frame in which the mass center of the drop is stationary, identifies with (x ,t) and v;
where T is the stress tensor. The term   V g      enters into equations as a generalized body force analogous to gravity when V  is constant. In the case of RT instability V g   is a vertical vector normal to the fluid interface which leads to the dynamics exhibited in Figure 2 . According to Joseph et al. [ 16] V  is at least 10 5 times larger than gravity; thus, gravity can be neglected; the initial velocity is very small and the initial acceleration is very large. The case of the influence of acceleration on the dynamics of jets has never been considered. When the jet emerges at the start from the orifice, drag forces due to entry into the dense air cause a deceleration. Also, the dynamic protrusions from the jet surface are subject to accelerations. Varga et. al. [ 18] described the breakup of a small diameter liquid jet exposed to high-speed gas jet as secondary RT instability of primary KH instability. They proposed a phenomenological breakup model for the initial droplet size based on the same acceleration mechanism that breaks up liquid drops in high speed airstream. In their model, the RT instability is generated on the wave crests generated by a primary KH instability. The Rayleigh-Taylor instability has been analyzed by Joseph as a viscous potential flow [ 17] . In his analysis Navier-Stokes equations are reduced to an identity provided that the pressure is given by Bernoulli's equation. Gravity points down against the direction of z in-creasing. It is assumed that the heavy fluid is above the light fluid, or that the light fluid is accelerated into the heavy fluid above. The following dispersion relation depicts the relation between temporal growth rate and wave number;
where ω is the temporal growth rate, l
are the viscosity and density of liquid and gas, respectively. σ is the surface tension coefficient, k is the wave number, g is the gravitational acceleration that can be replaced by the acceleration of the light fluid into the heavy liquid since this acceleration is considerably greater than gravitational acceleration (about 10 5 g). If the quantity under the root is negative, then the real part is negative and the interface is stable. Varga et. al. [ 18] developed a phenomenological model for the initial breakup of a liquid jet by a high-speed coaxial gas stream based on the classic linear stability analysis of this problem, including the effects of surface tension [ 19] . The RT instability wavelength has been predicted as follows:
where RT  is the RT instability wavelength and a is the acceleration.
Full Transient Jet
The axysimmetric CFD code mentioned in the previous section has been developed to simulate the flow of a liquid through an orifice and the gas chamber during start-up and shut-down period of injection. The flow is characterized by the density and ratio viscosity ratios, and the nondimensional parameters, Reynolds number (Re) and Weber number (We) which are defined as follows:
, Re
 , σ, and D are the maximum jet velocity, the gas and liquid density, gas and liquid viscosity, the surface tension coefficient, and the orifice diameter, respectively. The fluid properties have been provided in Table 1 . The computational mesh sizes are 28 microns in the major flow direction and 0.62 microns in the radial transverse direction and time step is 10 ns. The orifice diameter is 200 µm and the computational domain is extended 90D in xdirection and 3D in radial direction; where D is the diameter of the orifice. The grid sizes and computational domain independent results were obtained when the grid sizes in the axial and radial directions are less than 30 µm and 1 µm, respectively and the computational domain dimensions are greater than 95D and 10D in the axial and radial directions, respectively. The plenum pressure upstream prescribed to increase exponentially over a period of 0.3 milliseconds during start-up transient until a prescribed maximum pressure is reached after which the plenum pressure is held constant at that cap. During start-up the plenum pressure drives the flow and the mass flux and the exit velocity of the jet increase with the plenum pressure. The maximum mass flux and pressure remain constant for about 0.1 milliseconds during the steady-state period. During the starting duration of 0.3 milliseconds, jet velocity, Reynolds number (Re), Weber number (We), and orifice pressure difference increase from initial zero values to 200 m/s, 1600, 23000, and 1.6 MPa, respectively. The air pressure in the gas chamber is 30 atm. Figure 3 illustrates the formation of a mushroom-shaped cap as the jet develops along the chamber while the pressure drops and the jet exit velocity increases exponentially during the first 90 µs from the start of injection. The mushroomshaped cap grows in volume and vortices at the interface roll back and entrain air into the rear side of the cap. The front of the jet decelerates due to the drag force acting on it. So, the lighter fluid is then accelerating into the heavier fluid which according to RT theory would be destabilizing on the front side of the jet cap and stabilizing on the rear side of the emerging jet. However, due to the fast destruction of the first mushroom-shaped cap in this stage, RT instability on the cap is absent as shown in Figure 3 . Figure 4 depicts the jet development during start-up 150 µs after the start of injection. The instantaneous interface is displayed and strong instabilities are seen along the edges and moving front of the transient jet. As the jet develops along the chamber the ligaments form and are drawn out of the jet; they grow in the radial direction. The typical KH instabilities can be detected with long wavelength greater than 100 µm. On the other hand, since the liquid (heavier fluid) is accelerating in to the gas (lighter fluid) during the start-up the KH protrusions at the interface are susceptible to the secondary RT instabilities (see Figure 2 (e)); thus, the RT instability appears at the rear side of the jet ligament during the start-up. RT waves are shown on the left-hand side of the magnified window as Figure 5 (left) depicts. Results for steadystate and shut-down transient are shown in Figure 6 and Figure 7 , respectively. Here, start-up took 300 microseconds, followed by steady plenum pressure for another 100 microseconds. Then, a shut-down interval of 100 microseconds has been imposed. As Figure 7 graphs, the instabilities that were initiated prior to the beginning of shut-down have endured. The jet is continuing to be extended during the shut-down although the local flow rate is now decreasing with downstream distance implies that mass is accumulating in the forward part of the jet; that is, the jet core velocity is decreasing with downstream distance such that the jet front has a lower velocity than the orifice exit flow. This situation is confirmed by the velocity vs. distance plotted in Figure 8 . The average jet velocity 95 diameter downstream of the orifice exit reaches 0.8 times the maximum jet velocity at the orifice. During the shut-down transient the heavier liquid is decelerated into the lighter liquid, which resembles case (f) in Figure 2 . Thus, RT instability appears at the front part of the jet as shown on the right hand side of the magnified window in Figure 5 (right). An interesting question concerns the axial-velocity variation along the jet with time. Figure 9 gives an indication of that behavior. This figure shows that there is a time period between jet start-up at t = 0 and the arrival of the jet front at a given downstream position. Obviously, the period becomes longer as downstream distance increases. After the jet front arrives, there begins a period with increasing jet velocity and orifice pressure drop. This period ends at about 300 microseconds after start-up. Then, a period of near steady jet velocity begins. Once the jet has reached a downstream position, the instantaneous velocity there is roughly the same value as the jet exit. During the shut-down period, the centerline velocity decreases from maximum velocity but does not reach zero in this flow configuration. The mass flow rate at the nozzle exit vs. time shown in Figure 10 repeats the conclusion about the axial-velocity at different positions along the gas chamber (see Figure 9 ). The mass flow rate starts to increase sharply during the start-up period and remains constant along the steadystate and decreases accordingly during the shut-down period of injection for both 1600 and 2000 Reynolds numbers. However, for higher Re, the jet exit velocity is greater which corresponds to higher mass flow rate at the orifice exit.
Another interesting aspect of studying full transient jet is the radial variation of velocity at different positions downstream of the orifice. Figure 11 (a and b) depict that during the start-up (t < 0.3 ms) the radial velocity in liquid phase velocity is increasing to less than 200 m/s at the centerline while the pressure is building up at the exit of the nozzle. Farther from the centerline the velocity is decreasing slightly. This shows that the velocity reaches its maximum value at the centerline. On the other hand, there is a discontinuity at the interface of liquid and gas (r ~0.0001 m) and the gas flow appears to experience vortical motion very close to the interface as the negative sign of axial velocity shows. At some distance away from the interface, the gas remains nearly quiescent as Figure 11 (a and b) demonstrate. During the shut-down period of injection the velocity repeats the same trend; however, the value of the centerline velocity has decreased due to the decrease in pressure difference along the orifice. Comparing Figure 11 (a) and (b) , we can see that at earlier stages of injection, the liquid has not reached 15 diameters downstream of the orifice exit; thus velocity remains nearly zero throughout the radial direction. At later stages of the injection, the velocity follows the same trend as described in Figure 11 . So, there is a time period between the start-up and the jet development downstream of the orifice as explained for axialvelocity variations (see Figure 12) .
During the start-up period (t < 0.3 ms), the length of the jet is increasing with a positive acceleration for both Reynolds numbers. This trend emphasizes the accelerative behavior of the liquid jet during start-up which is the main focus of this research. The higher Reynolds-number jet has more momentum relative to various drag effects; so, it penetrates farther and produces a longer jet at comparable instants of time. This lack of momentum leads to a shorter liquid jet during different stages of injection for the lower Reynolds number case. During the steady-state period of injection (0.3 ms < t < 0.4 ms) the length of the jet is increasing with a constant velocity which is nearly the same for both Reynolds numbers. However, during the shutdown period the length of the jet is increasing with a lower rate compared with the start-up. The decelerating motion of the jet is obvious since the curve is concave in that portion of the graph.
It is instructive to investigate the behavior of a point located at an optional initial position downstream of the orifice on the centerline that moves with the liquid velocity at that point (see Figure 12) . The initial positions of the three different points selected for this analysis are 1, 2, and 3 diameters downstream of the orifice, respectively. The axial position of a marked liquid particle initially located at X 0 traveling with the liquid velocity at that point can be calculated as
is the liquid velocity at that point on the centerline at time t. The horizontal distance traveled by each of these points vs. injection time have been graphed in Figure 14 . Three different segments can be detected in these curves. During the start-up period, the curve is concave up for both points which emphasize the accelerative motion of the liquid jet into the gas. The graph shows that the liquid travels with a constant velocity during the steady-state period of injection. The last segment of the curve, on the other hand, is concave down; an indication of the decelerating motion of the liquid into the gas during the shut-down period. Further analysis of these graphs gives the magnitude of the acceleration and the constant velocity of the steady-state segment of the jet (see Table 2 ). According to this table, the acceleration of the liquid during both start-up and shut-down periods is approximately 10 5 times greater than gravity. So, gravity is insignificant but using this acceleration magnitude in the theory of viscous potential flow [ 17] we find a consistency with the expectation for RT instability. In addition, points initially located at a further distance downstream of the orifice move with a greater acceleration during transient portions of the injection and also greater constant velocity during the steadystate period of injection. Now, we attach our coordinate system to the laboratory and look at a small control volume with length 2L shown in Figure 14 and calculate the total mass flow rate of this control volume by subtracting the mass flow through the left boundary 
The total mass flow rate into the control volume vs. injection time has been depicted in Figure 15 for Reynolds number equal to 1600. Based on this graph, during the start-up (t < 300 ms) liquid mass accumulates in the control volume, i.e. the direction of the mass flow is into the control volume and since we have assumed constant length for the control volume (2L), the excess mass increases the height of the liquid element. In other word, the liquid element is elongated along the radial direction during the start-up. The element of mass starts to lose some of its mass until it reaches the steady-state. There is a small inflow; however, the outflow is more noticeable at this stage; i.e., the height of the control volume is decreasing slightly. During the shut-down period of injection the liquid mass is flowing out of the control volume leading to a decrease in the height of the liquid control volume. Figure 16 demonstrates the variation of maximum height of this control volume vs. injection time according to CFD simulations. The height of the control volume increases during the startup and reduces gradually during the steady-state. Finally, as the shut-down interval starts, height of the liquid element decreases drastically, i.e. there is an elongation along X and compressions along r during shut-down while this trend is reversed during start-up.
Liquid Section Strategy
The valuable information obtained from the full transient jet described above can used to develop a new model to capture the instabilities at the liquid/gas interface with better resolution which would be extremely costly if a full jet was considered numerically. In this new model, a section of the jet whose fixed length is longer than interesting wavelengths but still computationally manageable, e.g., 1-mm length for 200 micron initial diameter will be considered during the start-up and shut-down period of full jet injection. The fluid section initially consists of two concenteric cylinders; liquid is in the inner cylinder and the gas fills the surrounding outer cylinder. The diameters of the inner and outer cylinders are 200 and 1200 µm, respectively and the length of the liquid segment is 1 mm. So, the outer gas domain has more than one order of magnitude of volume than the liquid domain. The liquid section diameter is consistent with the jet-orifice diameter. Total number of mesh points is 1,400,000 (2000 in xdirection and 700 in r-direction), a non-uniform mesh (Δx=0.5m, Δr= 0.5-2 m), refined in the gas phase and close to the interface has been used to capture even very small wavelength instabilities at the liquid/gas interface. The time step is 1 ns. Use will be made of the same axisymmetric, unsteady, finite-volume NavierStokes CFD solver, with QUICK scheme and level-set method for tracking the interface used for full jet simulations. The liquid segment is stationary and the gas flows over the interface from right to left with a value associated with the maximum orifice exit velocity of full jet simulations (see Figure 17) . Flow conditions are same as the full transient jet. Periodic conditions on the upstream and downstream surface of this slug should capture the influence of the jet segment immediately fore and aft of the slug. This liquid section deforms and exchanges both mass and momentum with the surrounding gas during the start-up and shut-down. As demonstrated in Figure 16 the selected control volume along the jet stream is squeezed during the start-up and mass flows into the fluid section. On the other hand, the fluid section is stretched during the shut-down and the mass flows out of the slug. Computational results of transient full jet have been used to calculate the mass flow rate during the start-up period injections. However, in reality the cross section of the liquid segment is not equal at the right and left boundary during start-up. For example, the maximum radial length of the liquid in the positive axial direction is greater on the right boundary due to the squeezing of the slug at the start-up. On the other hand, the front side of the jet is being decelerated at the same time. Therefore, the mass flow rate into the slug at the front is not equal to that of the back side. Thus, if we consider equal cross sections in our model, the inflow velocity is not the same for front and back sides of the slug. However, for simplicity we calculate the total mass flow rate from full jet simulations and assume equal circular cross sections and equal inflow at both sides of the slug to account for the liquid element deformation due to transient behavior. Figure 18 describes the behavior of the liquid surface exposed to 50 m/s gas stream flowing from right to left. The liquid is initially quiescent and the interface is flat. At first, we assume no liquid inflow. After a few microseconds small amplitude and small wavelength instabilities appear on the right-hand side of the domain and move to the left while their wavelength and amplitude grow in time. The gas brings out the ligaments from the liquid and bends them in the flow direction. On the other hand, the ligaments formed and drawn out of the liquid due to high gas velocity are susceptible to RT instability on the surface of the ligaments perpendicular to the flow direction as Figure 20 (right) illustrates. Figure 19 depicts the case with mass flowing into the liquid phase consistent with the average mass flow during the start up obtained from full jet simulations which corresponds to 5 m/s liquid inflow from both right and left boundaries. The instabilities shown at the surface have longer wavelengths and smaller amplitudes compared with the case with no inflow. However, the waves move to the left and at the same time liquid mass is accumulated in to the section which increases the height of the liquid phase. The ligaments formed here do not become very narrow as shown for the case with no inflow since the mass is injected constantly to the liquid phase. When the waves approach the left boundary a thick ligament is drawn out of the liquid and slightly bends in the flow direction. At the back of this ligament the RT waves can be detected. Figure 20 (left) illustrates the appearance of RT instability on the back side of this ligament. As time passes, this small amplitude waves disappear since the ligament bends and merges with the liquid and the KH waves at the interface grow in length. This new strategy in jet interface instability predictions is very promising in predicting the liquid/gas interface; especially, for higher Re, We, and higher gas density which is more challenging from computational resolution perspective. This strategy is under further investigation to account for non uniform and time dependent mass inflow during start up and mass outflow during shutdown transient.
Instability Analysis and Comparison with VPF
There are four physical phenomena which contribute to the hydrodynamic instability: (1) acceleration normal to the interface, i.e., Rayleigh-Taylor instability; (2) inertial difference across the shear layer at the jet interface, i.e., Kelvin-Helmholtz instability; (3) capillary effects; and (4) viscous effects. The magnitude of the growth rate increases with increasing wave number (decreasing wavelength). These four effects are ordered above so that, in the dispersion relation for the growth rate obtained for viscous potential flow [ 16] the four related terms appear proportional to wave number to the first, second, third, and fourth power, respectively. So, viscous effects dominate at very short wavelengths while gravity (or other acceleration) effects dominate at very long wavelengths. The acceleration term is destabilizing (stabilizing) when the heavier (lighter) fluid accelerates into the lighter (heavier) fluid. The KelvinHelmholtz effect is always de-stabilizing while the viscous effect is always stabilizing. The capillary effect is always stabilizing when the surface radius of curvature is sufficiently large but it can be important in the three-dimensional pinch-off of smaller ligaments from the surface. Depending upon the balance between these terms, the jet will be stable or unstable. Another mechanism that can play a role in the final pinch-off of ligaments is disjoining pressure. Figure 21 shows a plot of the real part of the growth rate versus wavelength using the same parameters that were used in the CFD calculations mentioned in the results section. The viscous potential flow dispersion relation from Joseph and Funada [ 20] has been used for this analysis. Positive values indicate the instability region while negative values imply stability. Clearly, at sub-micron wavelengths, where viscosity and capillary effects dominate, we find stable behavior. The dispersion relation reflected in Figure 21 accounts for both Kelvin-Helmholtz and Rayleigh-Taylor instabilities. The figure clearly shows that instabilities are expected in the wavelength range that are found in our simulations i.e. O (10 -6 -10 -3 m). As shown for our sub-millimeter, super-micron wavelength range of interest, gravity is not important but viscosity and surface tension are very important.
We have performed a Fourier analysis of the surface waves that are developed on the jet emerging from the orifice. Figure 22 illustrates Discrete Fourier Transform (DFS) of the interface of the jet 250 µs after the start of injection. The peaks in the diagram correspond to the range of wavelengths captured at the interface which is greater than 100 µm and smaller than 1600 µm at that moment of injection. Further DFS analysis for the steady-state and shut-down periods not shown here reveals the fact that shorter wavelengths appear during the start-up at the interface; as we approach the steadystate period of injection these short waves grow in length. The decelerating motion of the liquid during the shut-down segment of injection is associated with shorter wavelengths compared with the steady-state period. This magnifies the fact that detecting these small waves during start-up and shut-down needs a good resolution in CFD calculations. In the longer wavelength regions, the Fourier analysis found unstable motion which is consistent with the results shown in Figure 21 . Averaging the results for 0.5 ms injection duration, ranges of the wavelengths characterized by this analysis are predominantly in the range from 34 to 1200 m. This indicates the dimensions of the expected ligaments and droplets in the initial breakup of the jet for Reynolds number equal to 1600. The computational mesh sizes in these calculations were 28 microns in the major flow direction and 0.62 microns in the radial transverse direction which is less than the smallest wavelength of interest.
For studying the RT instabilities look at Figure 23 that graphs the instability criteria based on (7) for two different gas velocity e.g. 50 and 200 m/s. In each case, we have calculated the acceleration based on the full transient jet analysis (see Table 2 ). Negative values of  refer to the stable wavelengths. According to this graph waves longer than 150 µm for U=50 m/s and longer than 55 µm for U=200 m/s are unstable. Using (8) , RT  greater than 90 µm is unstable for U=200 m/s and 250 µm for U=50 m/s; thus, RT instability waves decrease significantly by increasing the maximum jet velocity, i.e. the acceleration. Referring to Figure 5 the RT instability waves sitting at the rear side of the ligaments were about 35 µm during start-up and 15 µm during shut-down for U=200 m/s. The discrepancy stems from the fact that in our problem the effects of KH instabilities at the interface cannot be neglected. However, the VPF analysis mentioned above has been developed for the case that KH instability does not interact too strongly with the Rayleigh-Taylor instability. On the contrary, in our case RT instabilities cannot be considered independently of KH.
Conclusions and Summary
Axisymmetric, unsteady Navier-Stokes equations for flow through orifice and the exiting jet during startup and shut-down is solved using a CFD code with finite-volume solver with boundary-fitted-gridding scheme, and level-set method for gas/liquid interface tracking. The development of the transient jet in to the gas is associated with strong instabilities seen along the edges and moving front of the transient jet. During start-up the liquid jet is accelerated into the gas; RT instabilities appear in the rear side of the jet front. However, during shut-down the jet front decelerates. So, the lighter fluid is accelerating into the heavier fluid which is stabilizing on the rear side of the emerging jet and destabilizing on the jet front. Results for shut-down transient indicate the widening of the jet with downstream distance implying that mass is accumulating in the forward part of the jet; that is, the jet core velocity must be decreasing with downstream distance such that the jet front has a lower velocity than the orifice exit flow. Investigating the location of the jet front with respect to the orifice exit during injection confirms the accelerative motion of the liquid particles in start-up. The tip of the jet travels with a constant velocity when injection is steady; on the other hand, during shut-down the liquid particles decelerate into the gas. The magnitude of this acceleration is about 10 5 times the gravity. Calculating the mass flow rate passing through a control volume in the liquid phase that travels downstream with the liquid velocity indicates that during start-up the mass is accumulated in the control volume, squeezing the liquid element and increasing its height. During the steady-state and shut-down period the mass flows out of the control volume while the liquid element is stretched along the x-direction. A new strategy for simulating the behavior of the transient liquid jet considers a section of the liquid jet exposed to the high-speed gas stream. The deformation of the liquid element during start-up is modeled by applying constant and uniform inflow at both boundaries. Developing this strategy could be very promising in capturing very small wave lengths appeared at the interface for very high gas pressure, high We, and high Re numbers. A Fourier analysis of the surface waves reveals that wavelengths are predominantly in the range from 34 to 1200 m consistent with VPF instability analysis. The range of RT instability for 200 m/s was about 35 µm which is smaller than the wavelength predicted by VPF instability analysis. Table 2 . Kinematics of the liquid particle motion downstream of the orifice. 
